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Abstract. A set of experimental tests to determine the compressive strength of masonry stack 
prisms has been numerically simulated using a combined plasticity-smeared crack constitutive 
law employed in three-dimensional analysis. 
Supported by an experimental campaign for the mechanical characterization of lime mortar 
masonry, a series of finite element analyses was performed in an attempt to assess the 
capacity of the model to reproduce the results obtained in terms of capacity, failure mode and 
global stiffness. The constitutive law used for the non-linear analysis of the masonry is a 
combination of a smeared cracking model in tension and a pressure dependent plasticity 
model in compression, which is capable of accounting for all failure mechanisms that may 
arise in concentric compression of masonry, both in the units and in the mortar. 
The purpose of this investigation is to establish whether a numerical approach based on the 
micro-modeling method is suitable for the simulation of the salient features encountered in 
masonry under compression as well as highlighting the main material properties necessary to 
be determined in order to properly model such experiments. The results are expanded upon 
through a parametric investigation. 
1. INTRODUCTION 
Masonry may be considered a two-phase composite material, composed of units and 
mortar. Therefore, numerical modeling of masonry structures needs to take into account the 
accurate geometry of the composite, the behavior of its constituent materials and the nature of 
their interaction. The detailed micro-modeling approach strives to accomplish this by 
separately considering the units, the mortar and the unit-mortar interface. Appropriate 
constitutive laws may be adopted for each component so that the main anticipated 
characteristics of their behavior can be simulated.
Masonry failure in compression is governed mainly by crushing of the mortar in the 
horizontal joints and cracking of the units. Furthermore, the units generally have a higher 
Young’s modulus and a lower Poisson’s ratio than the mortar. As a result, under vertical 
loads, the mortar is in triaxial compression and the units under uniaxial compression and 
biaxial tension. The compressive strength of the composite, for the vast majority of cases, lies 
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between the compressive strength of the two constituents. Therefore, if a micro-modeling 
approach is to be adopted, it is necessary, at least in broad terms, to model the pressure 
dependent behavior of the mortar and the cracking behavior of the units. 
Numerical simulation of masonry compression using micro-models and plasticity laws has 
been performed in the past [1, 2, 3, 4, 8, 11]. These cases involve the simulation of masonry 
constructed using cement/lime mortar. 
In the context of this paper, a set of experimental tests on masonry compression were 
simulated using micro-modeling techniques and appropriate material laws to model inelastic 
behavior. The masonry in question was constructed using pure lime mortars. A number of 
parameters, for which it was not possible to obtain data, were the subject of a parametric 
investigation. 
2. MATERIAL MODEL 
2.1 General 
The nonlinear behavior of each material is modeled using a total strain concept with secant 
unloading and a rotating crack assumption. Stress-strain relations are evaluated in the 
direction of the principal strain vector, which is not fixed at the initiation of damage but may 
rotate as strains increase. 
Six internal damage variables are used to monitor the deterioration of the material in 
compression and tension. Apart from the reduction of stiffness due to cracking, Poisson 
effects, meaning the contraction perpendicularly to the direction of crack opening, is reduced. 
The Poisson’s ratio is reduced at the same rate as the Young’s modulus [10, 11]. 
2.2 Behavior in Tension 
For the tensile behavior, an exponential softening law based on fracture energy is used. 
The ultimate crack strain is equal to 
1 fcr
u
t
G
f hε α= (1) 
where ft is the tensile strength, Gf  is the tensile fracture energy, h is the characteristic 
element length and α is the total area beneath the softening curve. 
2.3 Behavior in Shear 
Due to the rotating crack assumption full shear retention may be assumed, meaning that the 
shear stiffness is not reduced after cracking or, equivalently, that the secant crack shear 
stiffness is infinite. 
2.4 Behavior in Compression 
Basic behavior in compression is modeled using a parabolic hardening-softening curve 
based on fracture energy [7]. The compression curve is defined by the piecewise equation: 
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where cf  is the compressive strength, 3cε is the strain corresponding to one third of the 
uniaxial strength assuming an elastic stress-strain relation up to that point, cε  is the strain at 
which the maximum compressive strength is reached, and is equal to 35 cε , and uε  is the peak 
strain for which it stands: 
3
2  
c
u c
c
G
h fε ε= − (3) 
where cG  is compressive fracture energy and h is the characteristic element length. 
The increase in strength and ductility due to isotropic stress is modeled according to the 
four-parameter Hsieh-Ting-Chen failure surface [9, 10]: 
2 12 1
22.0108 0.9714 9.1412 0.2312 1 0
c
cc cc cc cc
J fJ If f f f f= + + + − =  (4) 
where fcc is the uniaxial compressive strength fc1 is the maximum principal stress, and an 
increase in the peak strain determined by the increase in the peak stress.  
 Furthermore, the compressive behavior in terms of both peak stress and peak strain is 
influenced by lateral cracking, which results in a decrease in strength and ductility [12]. 
3. APPLICATION CASE STUDY 
3.1 Experimental Results and Material Properties 
An experimental campaign on the compressive behavior of masonry composed of solid 
clay bricks and pure lime mortar masonry was conducted. The bricks measured 290×140×45 
mm
3 and the joints measured 10 mm in thickness. 6 masonry stack prism wallettes, 3 of which 
constructed using aerial lime and 3 using hydraulic lime mortar, were tested in concentric 
vertical compression. All prisms were composed of five units and four mortar joints. The 
project included efforts to directly measure, or indirectly determine, the material properties of 
the constituents and the composite most important for the numerical reproduction of the 
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experiments. 
(a) (b) 
(c) (d) 
(e) (f) 
Figure 1: Experimental setups: (a) flexural strength of unit, (b) compressive strength and Young’s modulus of 
unit, (c) flexural strength of mortar, (d) compressive strength of mortar, (e) compressive strength and Young’s 
modulus of masonry, (f) Poisson’s ratio of unit. 
For the units, the properties measured were the compressive strength, the flexural strength, 
the Young’s modulus perpendicular to the bed face and the Poisson’s ratio. For the mortar, 
the properties measured were the compressive and flexural strength. Finally, for the masonry 
the compressive strength and the Young’s modulus were measured. The small dimensions and 
very low strength of the mortar samples did not allow for direct measurements to be taken 
from them with the means and equipment available. 
The material properties not measured but necessary for a detailed micro-model include the 
Young’s modulus and Poisson’s ratio of the mortar and the tensile and compressive fracture 
energy of both the units and the mortar. 
The tensile strength of both materials was estimated according to the CEB-FIP Model 
Code 2010 recommendations [6]: 
( ) ( )0.7 0.70.06 1 0.06t flexf f h h= +  (5) 
where h is the height of the sample tested in bending and fflex is the bending strength. 
The tensile fracture energy for all the materials was calculated according to the Model 
Code 1990 recommendations [5] assuming a 5% ratio of tensile over compressive strength 
and a maximum aggregate size of 8 mm, for which it stands: 
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( )0.70.025 2f tG f= (6) 
The compressive fracture energy for all the materials was calculated assuming a ductility 
index of 1, where the ductility index is defined as: 
C /= cd G f (7) 
The Young’s modulus of the mortar was estimated after having acquired the Young’s 
modulus of the units and of the masonry composites. Assuming a distribution of strain 
according to the uniaxial stiffness of the two components, the mortar and the units, the 
following expression can be used: 
( ) ( ) ( )( )1 1c m u m u u m uE h h h E h E E= + +  (8) 
The Poisson’s ratio of the mortars could not be directly measured, however it has been 
reported in the literature that the value is not only usually higher than that of the units but that 
it exhibits rapid increase for an increase in applied vertical compression. Therefore relatively 
high values of 0.25 were assumed for both the aerial and the hydraulic lime mortar. 
Table 1: Unit, mortar and masonry properties.
fc,u [MPa] fflex,u [MPa] ft,u [MPa] Eu [MPa] νu [-] Gc,u [N/mm] Gf,u [N/mm] 
Units 23.00 7.29 3.22 4200 0.16 23.00 0.092 
fc,m [MPa] fflex,m [MPa] ft,m [MPa] Em [MPa] νm [-] Gc,m [N/mm] Gf,m [N/mm]
ALM 1.25 0.43 0.19 125 0.25 1.25 0.013 
HLM 1.90 0.84 0.37 225 0.25 1.90 0.020 
fc [MPa] Ec [MPa] 
ALM Masonry 12.03 729 
HLM Masonry 13.73 1181 
3.2 Modeling and Geometry 
As explained in the introduction, each masonry component (unit, or mortar joint) is in a 
triaxial stress state when subjected to vertical compression. For the purpose of simulating as 
closely as possible both the geometry and the expected distribution of stress, three 
dimensional models were used for the numerical reproduction of the experiments. Plane stress 
and plane strain models may not, therefore, provide accurate descriptions of neither the 
geometry nor the stress distribution and the development of failure patterns. 
The issue of the adequacy of plane methods for this particular problem is addressed in the 
parametric investigation. 
In the finite element models, the units and the mortar were modeled using continuum 
elements. Twenty-node solid brick elements employing quadratic interpolation and 3×3×3 
Gauss integration scheme were used. The bond between two alternating layers was considered 
perfect: opening of the horizontal unit-mortar interface is impossible in concentric 
compression and the possibility of shear sliding is countered by the high normal forces. 
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Figure 2: Finite element mesh of masonry prism with symmetry planes indicated. 
The loading was applied in displacement control as a uniform vertical displacement of the 
nodes at the top of the model, using a Modified Newton-Raphson solution method and an 
energy norm based convergence criterion. 
4. RESULTS 
4.1 Initial Analysis 
The initial numerical results are presented in Table 2. The strength and elastic modulus 
predicted by the analyses were fairly close to the experimentally derived values. The strength 
of the ALM masonry was slightly underestimated, that of the HLM masonry was slightly 
overestimated and the Young’s moduli were well within the experimental range. 
Table 2: Numerical results from three-dimensional analysis. 
fc [MPa] Ec [MPa] 
ALM Masonry 10.5 814 
HLM Masonry 14.8 1287 
The failure mode obtained from the numerical analysis closely resembles the one observed 
in the experiments: mortar crushing, originating from near the surface of the wallette, 
followed by cracking of the units near the unit-mortar interface and, finally, vertical cracking 
of the units and complete crushing of the mortar joints. In the analyses, however, the post-
peak behavior was far more brittle than the experimentally observed mode, with the stress 
dropping off to zero soon after the peak (Figure 3). A higher value for the tensile fracture 
energy of the units could potentially mitigate this phenomenon. 
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Figure 3: Experimental and numerical stress strain curves. 
4.2 Parametric Investigation 
The parametric investigation involved the Young’s modulus and the Poisson’s ratio of the 
lime mortars. The former property was only indirectly measured while the latter was not 
measured in the campaign. 
The values of the Young’s modulus tested extended from half the original experimentally 
derived values up to 1000 times the compressive strength in MPa. The range of values for the 
Poisson’s ratios tested spanned from 0.15 to 0.3. 
The results are presented in Table 3, where the influence of the two parameters on the 
compressive strength and Young’s modulus of the masonry is shown. The results are also 
illustrated in Figure 4. 
Table 3: Results of parametric investigation. 
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(a)   (b) 
Figure 4: Influence of Em and νm on masonry compressive strength: (a) ALM, (b) HLM.
In general, increasing the Poisson’s ratio causes the compressive strength of masonry to 
increase as well. The phenomenon is more pronounced when a low value for the Young’s 
modulus of the mortar is assumed. Similarly, a lower Young’s modulus results in a higher 
obtained compressive strength.  
Altering the Poisson’s ratio of the mortar also affects the global stiffness of the masonry. 
The greater the difference between the Poisson’s ratios of the units and the mortar the greater 
the increase in the elastic stiffness of the composite.  
4.3 Three Dimensional vs. Plane Models 
The adequacy of plane stress and plane strain to model the masonry composite in 
compression may be evaluated by comparing the obtained strength, Young’s modulus and 
failure mode from each method. A comparison between the results from all geometrical 
assumptions tested is presented in Table 4. 
Table 4: Numerical results from plane stress (PS), three-dimensional (3D) and plane strain (PE) analyses.
 fc [MPa] Ec [MPa] 
ALM Masonry PS 1.49 746 
 3D 10.46 814 
 PE 11.76 825 
HLM Masonry PS 2.22 1197 
 3D 14.77 1287 
 PE 15.77 1310 
The compressive strength and the failure mode obtained differ distinctly. Compared with 
the experimental results, plane stress results in a marked underestimation of the compressive 
strength and plane strain leads to a slight overestimation.  
In the plane stress models the mortar joints yielded in its entirety, while only a few cracks 
were registered near the unit mortar-interface. Plane strain results in a mixed failure mode of 
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mortar yielding in compression and unit cracking, the latter being slightly more pronounced 
than in the three-dimensional model. 
Plane stress neglects the out-off-plane confinement the units afford on the mortar while 
plane strain may exaggerate it. In the case of masonry composed of very weak mortar, such as 
the ones studied here, where the failure of the mortar strongly influences the overall behavior 
of the masonry, plane stress becomes inaccurate. Plane strain is of comparable accuracy to the 
three dimensional model since, due to the large differences in the elastic properties between 
the units and the mortar, the confinement of the mortar is strong. 
Initial stiffness is also different across the modeling methods, but less so than the 
compressive strength. Plane strain had the highest Young’s modulus, followed by the three-
dimensional model and the plane stress model. 
5. CONCLUSIONS 
Good agreement was found between the values of compressive strength obtained from the 
experiments and their simulation using the combined plasticity-cracking law. The elastic 
moduli were also well approximated, within the experimental range but slightly above the 
experimental average. The failure mode that initiates collapse is captured by the model. 
Numerical simulation of masonry in compression using three-dimensional micro-models, 
while requiring detailed knowledge of the mechanical properties of the materials and the 
composite, can lead to satisfactory results.  
The influence of the Poisson’s ratio of the mortar on the compressive strength of masonry 
is strong when soft mortars and relatively strong units are used. The influence of the Young’s 
modulus of the units is also notable. 
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